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014.02.0Abstract Recently, unmanned aerial vehicles (UAVs) acting as relay platforms have attracted
considerable attention due to the advantages of extending coverage and improving connectivity
for long-range communications. Speciﬁcally, in the scenario where the access point (AP) is mobile,
a UAV needs to ﬁnd an efﬁcient path to guarantee the connectivity of the relay link. Motivated by
this fact, this paper proposes an optimal design for beamforming (BF) and UAV path planning.
First of all, we study a dual-hop amplify-and-forward (AF) wireless relay network, in which a
UAV is used as relay between a mobile AP and a ﬁxed base station (BS). In the network, both
of the AP and the BS are equipped with multiple antennas, whereas the UAV has a single antenna.
Then, we obtain the output signal-to-noise ratio (SNR) of the dual-hop relay network. Based on the
criterion of maximizing the output SNR, we develop an optimal design to obtain the solution of
the optimal BF weight vector and the UAV heading angle. Next, we derive the closed-form outage
probability (OP) expression to investigate the performance of the dual-hop relay network
conveniently. Finally, computer simulations show that the proposed approach can obtain nearly
optimal ﬂying path and OP performance, indicating the effectiveness of the proposed algorithm.
Furthermore, we ﬁnd that increasing the antenna number at the BS or the maximal heading angle
can signiﬁcantly improve the performance of the considered relay network.
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It is well-known that unmanned aerial vehicles (UAVs) have
attracted considerable attention in both military and civilian
applications, such as surveillance and reconnaissance,1
emergency rescue,2 and data collection and transmission,3 since
the UAV is regarded as a suitable ‘‘airborne communication
relay’’ to provide reliable connectivity of the link between a
base station (BS) and an access point (AP) which are separated
by a distance beyond the range of communication devices orSAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 Application of a UAV as a relay in a wireless network.
314 J. Ouyang et al.shadowed by urban or mountainous terrain (e.g., forests, build-
ings). Under this situation, there are a lot of works considering
how to improve the performance of UAV-assisted wireless net-
works recently. For example, Zhu et al.4 have studied some
types of connectivity in mobile ad hoc networks, and have pre-
sented several approaches based on the graph theory to opti-
mize the movement of a UAV to improve the connectivity. de
Freitas et al.5 have considered the scheme of applying multiple
UAVs as mobile relays to maintain the connectivity of links be-
tween isolated APs and a BS. For the case of using one or more
intermediate UAVs as a relay chain, many schemes have been
presented to optimize the network performance. Burdakov
et al.6 have presented label correcting algorithms to ﬁnd a Par-
eto solution to the two-objective problem of minimizing the
path cost and the number of UAVs. Based on graph search,
Burdakov et al.7 have proposed an algorithm for generating
Pareto-optimal relay chains to achieve a good tradeoff between
the number of UAVs and the quality of the chain. By estimat-
ing the communication objective function gradient, a decentral-
ized mobility control algorithm has been presented for
formatting and maintaining an optimal communication chain
with a team of UAVs.8 Du and Zhang9 have investigated the
network-coded protocol of aeronautical communications, and
presented a selection algorithm based on the outage probability
(OP) for a relay network. However, the aforementioned works
assume that the ground APs are static. More recently, there are
increasing interests in the scenario where the APs (vehicles, air-
crafts, etc.) are mobile. Due to the mobility of the APs, the com-
munication environment and network topology constantly
change and thus the UAVs need to adjust their paths in time
to best accommodate the evolving network environment. By
using a multi-antenna UAV as the relay between ground APs
and a BS, a heading optimization approach has been proposed
to maximize the sum rate of the AP-UAV link.10 In addition,
the performance enhancement through orthogonal space–time
block coding (OSTBC) transmission has also been examined.
Jiang and Swindlehurst11 have considered a relay system with
a multi-antenna UAV and some single-antenna ground APs,
and developed an algorithm to maximize the approximate ergo-
dic sum rate of the AP-UAV link by adjusting the UAV
heading.
Although the previous works have signiﬁcantly improved
our understanding on the schemes and performances of
UAV-assisted wireless networks,10,11 their main drawback is
that they have only investigated the AP-UAV single-hop link
transmission. Actually, wireless networks using a UAV as a
relay should be modeled as a dual-hop relaying.12,13 Inspired
by these observations, we study a dual-hop relay network, in
which both of the AP and the BS are equipped with multiple
antennas to obtain the array gain, while the UAV with a single
antenna applies an amplify-and-forward (AF) protocol to
assist the signal transmission. Speciﬁcally, we ﬁrstly derive the
output signal-to-noise ratio (SNR) of the considered relay
network. Then, by using the criterion of maximizing the output
SNR, an optimal design for beamforming (BF) and UAV path
planning is presented. Next, we derive the closed-form
expression of the OP to evaluate the dual-hop relay system
performance. It is worth mentioning that in Refs.12,13 all of
the nodes are assumed to have a single antenna, and the optimi-
zation of the UAV ﬂying path has not been studied. Besides, the
performance of the relay network has only been examined
through Monte Carlo simulations in Ref.12, and thedecode-and-forward (DF) protocol has been adopted for the
UAV in Ref.13.
2. Problem formulation
As shown in Fig. 1, we consider a wireless network in which a
mobile AP communicates with a ﬁxed BS through a UAV act-
ing as a relay. We assume that the AP and the BS are equipped
with N1 and N2 antennas, respectively, and the UAV has a sin-
gle antenna due to the payload limitation. The communication
from the AP to the BS takes place in two time slots. During the
ﬁrst time slot, the AP performs transmit BF and sends its sig-
nals to the UAV. Accordingly, the received signals at the UAV
can be written as
yrðtÞ ¼
ﬃﬃﬃﬃﬃ
P1
p
hH1 ðtÞw1sðtÞ þ n1ðtÞ ð1Þ
where P1 denotes the transmit power at the AP, s(t) the trans-
mitted signal with E[|s(t)|2] = 1, w1 the N1 · 1 normalized
transmit BF weight vector obeying jjw1jj2F ¼ 1, and n1(t) the
white Gaussian noise (AWGN) with zero mean and variance
r21. Through the paper, ()H stands for the Hermitian trans-
pose, E[] the expectation, || the absolute value, and ||||F
the Frobenius norm of a matrix. Furthermore, h1(t) N1 · 1 is
the channel vector of the AP-UAV link with path loss, which
is given by14
h1ðtÞ ¼ g1ðtÞ
da1
ð2Þ
where g1(t) represents the N1 · 1 channel vector with Rayleigh
fading entries, d1 the distance between the AP and the UAV,
and a the path loss exponent. During the second time slot,
the UAV ampliﬁes the received signals by a gain factor as
G ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
P1jhH1 ðtÞw1j2
s
ð3Þ
and forwards them to the BS. By applying BF, the received sig-
nals at the BS can be written as
ydðtÞ ¼ wH2 ð
ﬃﬃﬃﬃﬃ
P2
p
Gh2ðtÞyrðtÞ þ n2ðtÞÞ
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P1P2
p
GwH2 h2ðtÞhH1 ðtÞw1sðtÞ þ
ﬃﬃﬃﬃﬃ
P2
p
GwH2 h2ðtÞn1ðtÞ
þ wH2 n2ðtÞ ð4Þ
where P2 represents the transmit power at the UAV, w2 the
N2 · 1 normalized receive BF weight vector satisfying jjw2jj2F ¼
1, n2(t) the N2 · 1 AWGN vector satisfying E½n2ðtÞnH2 ðtÞ ¼
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channel vector of the UAV-BS link described by14
h2ðtÞ ¼ g2ðtÞ
da2
ð5Þ
where d2 is the distance between the UAV and the BS, and g2(t)
the N2 · 1 channel vector with Rayleigh fading entries. The in-
dex of t will be dropped from now on for notational brevity.
By performing some algebraic manipulations, the output
SNR of the dual-hop AF relay network can thus be mathemat-
ically expressed as
c ¼ P1P2w
H
2 h2h
H
1 w1w
H
1 h1h
H
2 w2
P2r21w
H
2 h2h
H
2 w2 þ r22=G2
¼ c1c2w
H
2 g2g
H
1 w1w
H
1 g1g
H
2 w2
c1d
2a
2 g
H
1 w1w
H
1 g1 þ c2d2a1 wH2 g2gH2 w2
ð6Þ
where ci ¼ Pi=r2i ði ¼ 1; 2Þ is the average SNR per hop. Com-
pared with the output SNR expressions in Refs.10,11, it is obvi-
ous that our work extends the single-hop link to a more general
and actual dual-hop link for a UAV-assisted relay network in
this paper. In addition, it should be pointed out that our work
can be easily extended to the scenario of employing multiple
APs, which has to be ignored here for the purpose of simplicity
and clear discussion.
3. Optimization of the UAV-assisted relay network
In this section, based on the criterion of maximizing the output
SNR in Eq. (6), we present an optimal algorithm for the
UAV-assisted dual-hop AF relay network, by determining
the BF weight vectors, w1,T and w2,T, and the ﬂying path of
the UAV with respect to time step T.
According to Eq. (6), the optimization problem to obtain
the maximal output SNR at time step T can be expressed as
cT ¼ max
wi;T;di;T
c1c2wH2;Tg2;Tg
H
1;Tw1;Tw
H
1;Tg1;Tg
H
2;Tw2;T
c1d
2a
2;Tg
H
1;Tw1;Tw
H
1;Tg1;T þ c2d2a1;TwH2;Tg2;TgH2;Tw2;T
ð7aÞ
s:t: wH1;Tw1;T ¼ wH2;Tw2;T ¼ 1 ð7bÞ
Obviously, the objective function in Eq. (7a) can be rewritten
as
max
wi;T ;di;T
cT ¼ min
wi;T;di;T
1
cT
¼ min
wi;T;di;T
d2a1;T
c1wH1;Tg1;Tg
H
1;Tw1;T
þ d
2a
2;T
c2wH2;Tg2;Tg
H
2;Tw2;T
ð8Þ
Since wi,T and di,T (i= 1, 2) are uncorrelated with each other,
we can obtain their optimal solutions independently. We now
focus on optimal BF weight vectors wi,T with ﬁxed di,T. By
employing Eqs. (8) and (7b), the constrained optimization
problem to calculate the BF weigh vectors can be, respectively,
expressed as
max
w1;T
wH1;Tg1;Tg
H
1;Tw1;T s:t: w
H
1;Tw1;T ¼ 1 ð9aÞ
and
max
w2;T
wH2;Tg2;Tg
H
2;Tw2;T s:t: w
H
2;Tw2;T ¼ 1 ð9bÞ
As for Eq. (9a), applying eigen-decomposition to the rank-one
matrix g1;Tg
H
1;T yieldsg1;Tg
H
1;T ¼ V1R1VH1
R1 ¼ diagðjjg1;Tjj2F; 0; . . . ; 0Þ
(
ð10Þ
where V1 ¼ ½v1;1v1;2 . . . v1;N1  is the unitary matrix with
v1;1 ¼ g1;T=jjg1;Tjj2F and diag(a1, a2, ..., aN) is an N · N sized
diagonal matrix with a1, a2, ..., aN being its diagonal elements.
Then, we introduce the following proposition, which has been
proven in Ref.15
Proposition 1. Suppose H is an N · N Hermitian matrix, the
following inequality holds
xHHx
xHx
6 kmaxðHÞ ð11Þ
which is satisﬁed with equality at the optimum only when
xopt ¼ umaxðHÞ ð12Þ
where kmaxðHÞ and umax(H) denote the largest eigenvalue and
the corresponding eigenvector of the matrix H, respectively.
Letting H ¼ g1;TgH1;T in Eq. (11) and using Eq. (9a) along
with Eq. (10), one can easily obtain
wH1;Tg1;Tg
H
1;Tw1;T
wH1;Tw1;T
6 kmaxðg1;TgH1;TÞ ¼ jjg1;Tjj2F ð13Þ
The equality holds only when
wopt1;T ¼ umaxðg1;TgH1;TÞ ¼ g1;T=jjg1;Tjj2F ð14Þ
Similarly, the solution to Eq. (9b) is given by
wopt2;T ¼ g2;T=jjg2;Tjj2F ð15Þ
By substituting Eqs. 14 and 15 into Eq. (7a), themaximal output
SNR with optimal BF weights at time step T can be written as
cmaxT ¼
c1jjg1;Tjj2Fc2jjg2;Tjj2F
c1jjg1;Tjj2Fd2a2;T þ c2jjg2;Tjj2Fd2a1;T
ð16Þ
Next, we will solve the optimization of d2ai;Tði ¼ 1; 2Þ to obtain
the optimal ﬂying path at time step T. Deﬁning the three-
dimensional coordinates of the AP, the BS, and the UAV as
(x1,T, y1,T, 0), (x2,T, y2,T, 0), and (xT, yT, hT), one can obtain
di;T ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxT  xi;TÞ2 þ ðyT  yi;TÞ2 þ h2T
q
; ði ¼ 1; 2Þ ð17Þ
By assuming that the UAV ﬂies at a constant altitude h with
velocity v and maximal heading angle dmax, the position of
the UAV at time step T with the Dubin’s car model16 can be
expressed as
xT ¼ xT1 þ vDT cos dT
yT ¼ yT1 þ vDT sin dT

ð18Þ
where dT e [dT1  dmax, dT1 + dmax] is the UAV heading an-
gle at time step T and DT is the time interval indicating the
UAV heading update rate. By substituting Eq. (18) into Eq.
(17), it is easy to obtain11
d2ai;T ¼ ðxT1þ vDTcosdTxi;TÞ2þðyT1þ vDTsindTyi;TÞ2þh2
h ia
¼ðai;Tþbi;T cosdTþci;T sindTÞa
 aai;Tþaaa1i;T ðbi;T cosdTþci;T sindTÞ
¼ aai;Tþqi;T cosðdT/i;TÞ
ð19Þ
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ai;T ¼ ðxT1  xi;TÞ2 þ ðyT1  yi;TÞ2 þ v2DT2 þ h2
bi;T ¼ 2vðxT1  xi;TÞDT
ci;T ¼ 2vðyT1  yi;TÞDT
qi;T ¼ aaa1i;T
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2i;T þ c2i;T
q
/i;T ¼
arctan
ci;T
bi;T
bi;T P 0
arctan
ci;T
bi;T
þ p bi;T < 0
8>><
>>:
8>>>>>>>>><
>>>>>>>>>:
ð20Þ
In deriving Eq. (19), we have applied the Maclaurin expansion.
Clearly, d2ai;T is a function of the UAV heading angle dT. There-
fore, in what follows, based on the criterion of maximizing the
output SNR, we will present a path planning method by calcu-
lating the optimal value of dT .
According to Refs.10,11, the average output SNR rather
than instantaneous SNR should be applied to determine dT.
To this end, we consider Eq. (16) and express the average max-
imal SNR at time step T as
cmaxT ¼ Eg1;T ;g2;T
c1jjg1;Tjj2Fc2jjg2;Tjj2F
c1jjg1;Tjj2F d2a2;T þ c2jjg2;Tjj2F d2a1;T
 !
ð21Þ
Due to the very complex calculations of the expectation in Eq.
(21), it is not possible to obtain the value of cmaxT . However, by
using the Taylor expansion and taking the ﬁrst term of the
expectation in Eq. (21), the approximate average SNR can
be obtained as17
cmaxT 
Eg1;T ;g2;T c1jjg1;Tjj2Fc2jjg2;Tjj2F
 
Eg1;T ;g2;T c1jjg1;Tjj2Fd2a2;T þ c2jjg2;Tjj2Fd2a1;T
 
¼ c1Eg1;T ½jjg1;Tjj
2
Fc2Eg2;T ½jjg2;Tjj2F
c1Eg1;T ½jjg1;Tjj2Fd2a2;T þ c2Eg2;T ½jjg2;Tjj2Fd2a1;T
¼ c1;Tc2;T
c1;Td
2a
2;T þ c2;Td2a1;T
ð22Þ
where ci;T ¼ ciEgi;T ½jjgi;Tjj2Fði ¼ 1; 2Þ. It has been proven in
Ref.17 that such kind of approximation can obtain satisfying
accuracy. As such, the optimization problem with the maximal
heading angle constraint can be reformulated as
max
dT
c1;Tc2;T
c1;Td
2a
2;T þ c2;Td2a1;T
ð23aÞ
s:t:jdT  dT1j 6 dmax ð23bÞ
For convenience, the above optimization problem should be
equivalently expressed as
min
dT
ðc1;Td2a2;T þ c2;Td2a1;TÞ ð24aÞ
s:t:jdT  dT1j 6 dmax ð24bÞ
Substituting Eq. (19) into Eq. (24a) yields
c1;Td
2a
2;T þ c2;Td2a1;T  c1;Taa2;T þ c2;Taa1;T þþc1;Tq2;T cosðdT
 /2;TÞ þ c2;Tq1;T cosðdT  /1;TÞ
¼ fT þ wT cosðdT  uTÞ ð25Þwhere
fT ¼ c1;Taa2;T þ c2;Taa1;T
wT ¼ 2c1;Tc2;Tq1;Tq2;T cosð/2;T  /1;TÞ

þc21;Tq22;T þ c22;Tq21;T
i1
2
uT ¼
arctan 1T
sT
sT P 0
arctan 1T
sT
þ p sT < 0
8>>><
>>>:
8>>>>>>>>><
>>>>>>>>>:
ð26Þ
with
1T ¼ c1;Tq2;T sin/2;T þ c2;Tq1;T sin/1;T
sT ¼ c1;Tq2;T cos/2;T þ c2;Tq1;T cos/1;T
(
ð27Þ
As a result, the optimization problem in Eq. (24) can be rewrit-
ten as a sinusoidal function of dT, giving
min
dT
fT þ wT cosðdT  uTÞ ð28aÞ
s:t: jdT  dT1j 6 dmax ð28bÞ
Following Ref.11, it is not difﬁcult to obtain the optimal head-
ing angle as
doptT ¼
~dT d
l
T <
~dT < d
u
T
dlT modpjdlT  ~dTj 6 modpjduT  ~dTj
duT modpjdlT  ~dTj > modpjduT  ~dTj
8>><
>>:
ð29Þ
where ~dT ¼ mod2pðp uTÞ, dlT ¼ dT1  dmax, duT ¼ dT1þ
dmax, and moda(b) denotes the modulo operation ﬁnding the
remainder of division of a by b.
Assuming that the UAV can predict the AP position at time
step T, we propose a simple yet effective path planning
algorithm by calculating the UAV heading angle at time step
T  1 so that the performance of the network at time step T
will be optimized. Finally, the proposed algorithm with respect
to maximizing the output SNR of the considered relay
network can be summarized in Fig. 2.
4. Performance analysis
Since the outage probability (OP) is an important quality-of-
service (QoS) measure in wireless communication networks,
we now derive the closed-form OP expression to investigate
the performance of the UAV-assisted relay network conve-
niently. Here we use cT instead of cmaxT for notional
convenience.
It is well-known that the OP is deﬁned as the probability
that the SNR falls below a threshold SNR cth. The OP of
the proposed relay network at time step T can be expressed
as18
Pout ¼ PrðcT 6 cthÞ ¼ FcTðcthÞ ð30Þ
where FcT ðxÞ is the cumulative distribution function (CDF) of
cT given by
Fig. 2 The proposed optimal algorithm.
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c1;Tc2;T
d2a2;Tc1;T þ d2a1;Tc2;T
6 x
 !
¼
Z d2a1;Tx
0
Pr c2;T >
d2a2;Txy
y d2a1;Tx
 !
fc1;TðyÞdy
þ
Z 1
d2a1;Tx
Pr c2;T <
d2a2;Txy
y d2a1;Tx
 !
fc1;TðyÞdy
¼ 1
Z 1
d2a1;Tx
fc1;TðyÞdy
þ
Z 1
d2a1;Tx
Fc2;T
d2a2;Txy
y d2a1;Tx
 !
fc1;T ðyÞdy
¼ 1
Z 1
d2a1;Tx
1 Fc2;T
d2a2;Txy
y d2a1;Tx
 !" #
fc1;TðyÞdy ð31Þ
where fc1;TðxÞ is the probability distribution function (PDF) of
c1,T. Since both of the AP-UAV and UAV-BS links experienceRayleigh fading, ci,T (i= 1, 2) follows a Chi-square distribu-
tion with 2Ni degrees of freedom, whose PDF and CDF can
be, respectively, expressed as18
fc1;T ðxÞ ¼
xN11
cN11 ðN1  1Þ!
exp  x
c1
 
ð32Þ
and
Fc2;T ðxÞ ¼ 1 exp 
x
c2
 XN21
i¼0
1
i!
x
c2
 i
ð33Þ
Substituting Eqs. (32) and (33) into Eq. (31) and after some
mathematical computations, one can obtain
FcT ðxÞ ¼ 1
XN21
i¼0
1
i!ðN1  1Þ!
1
c1
 N1 d2a2;Tx
c2
 !i

Z 1
d2a1;Tx
 exp  d
2a
2;Txy
c2ðy d2a1;TxÞ
 y
c1
 !
yN1þi1
ðy d2a1;TxÞ
i dyA1 ð34Þ
with the change of variables as u ¼ y d2a1;Tx, A1 can be calcu-
lated as
A1 ¼ exp 
d2a1;T
c1
þ d
2a
2;T
c2
 !
x
 !

Z 1
0
exp  1
c1
u d
2a
1;Td
2a
2;Tx
2
c2
 1
u
 !
ui d2a1;Txþ u
 N1þi1
du
¼ exp  d
2a
1;T
c1
þ d
2a
2;T
c2
 !
x
 ! XN1þi1
j¼0
N1 þ i 1
j
 
ðd2a1;TxÞ
j

Z 1
0
uN1j1 exp 1c1u
d2a1;Td
2a
2;Tx
2
c2
1
u
 !
du ð35Þ
where
N1 þ i 1
j
 
¼ j!ðN1 þ i 1Þ!ðN1 þ i 1 jÞ! is the
binomial coefﬁcient. With the help of the following identity19Z 1
0
xm1 exp  a
x
 bx
 
dx ¼ 2 a
b
 m
2
Km 2
ﬃﬃﬃﬃﬃ
ab
p 
ð36Þ
where Km() is the vth-order modiﬁed Bessel function of the
second kind19, the closed-form expression of Eq. (35) is given
by
A1 ¼ 2xN1 exp 
d2a1;T
c1
þ d
2a
2;T
c2
 !
x
 ! XN1þi1
j¼0
N1 þ i 1
j
 
 ðd2a1;TÞ
N1þj
2
d2a2;Tc1
c2
 !N1j
2
KN1j 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d2a1;Td
2a
2;T
c1c2
s
x
0
@
1
A ð37Þ
Substituting Eq. (37) into Eq. (34) yields
FcT ðxÞ ¼ 1 2 exp 
d2a1;T
c1
þ d
2a
2;T
c2
 !
x
 !

XN21
i¼0
XN1þi1
j¼0
N1 þ i 1
j
 
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Thus, by replacing x with cth in Eq. (30), the OP of the consid-
ered relay network can be obtained directly.
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In this section, we provide computer simulations to investigate
the performance of the UAV-assisted relay network with the
proposed scheme. Here we consider the scenario where a mo-
bile AP having multiple antennas communicates with a ﬁxed
BS having multiple antennas via a UAV relay with one anten-
na. The initial positions of the BS, the UAV, and the AP in me-
ter are (500, 3500, 0), (500, 250, 350), (3500, 1000, 0),
respectively. We assume that the UAV ﬂies with a constant
altitude h= 350 m and a constant velocity v= 40 m/s, and
the AP constantly moves at 20 m/s. The time interval of updat-
ing the UAV heading angle is DT= 1 s, and all the simula-
tions are run for 300 time steps. At time step T= 110 s, the
AP makes a sharp turn with d110/d109 = 1.7059. In addition,
the average SNRs are c1 ¼ c2 ¼ 70 dB, the threshold SNR for
calculating the OP is cth = 8 dB, and the path loss exponent is
set to be a= 1 11.
First of all, by assuming N1 = N2 = 4 and dmax = 10, the
optimal path of the UAV and the OP of the relay networkFig. 3 Comparison of the proposed algorithm and exhaustive
search with N1 = N2 = 4 and dmax = 10.versus time step T are shown in Fig. 3(a) and (b), respectively.
For the purpose of comparison, we also provide the simulation
results using the exhaustive search method in the same ﬁgures,
which are apparently the optimal curves. As we can see, both
of the ﬂying path and the OP with the proposed algorithm are
similar to those with the exhaustive search method, implying
that our scheme can obtain nearly optimal performance. Since
the speed of the UAV is much higher than that of the AP, the
UAV is forced to ﬂy in a tight circular path in some cases so
that an optimal position to achieve the maximal SNR is main-
tained. In addition, from Fig. 3(b), it can also be observed that
the analytical results agree well with the Monte Carlo experi-
ments at every time step, indicating that the derived exact
OP expression in Eq. (38) can accurately evaluate the perfor-
mance of the considered relay network.
Secondly, Fig. 4 illustrates the impact of the antenna num-
ber on the performance of the UAV-assisted relay network.
Here, we select two antenna conﬁgurations, namely,
(N1 = 4, N2 = 4) and (N1 = 4, N2 = 6). It is interesting to
ﬁnd that when more antennas are employed at the BS, theFig. 4 Comparison of different antenna numbers for the relay
network with dmax = 10.
Fig. 5 Comparison of different maximal heading angles with
N1 = N2 = 4.
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sidered relay network is signiﬁcantly reduced. This is because
the increased array gain due to more antennas can compensate
for the path loss of the UAV-BS link.
Finally, we select two maximal heading angles as
dmax = 10 and dmax = 15, and provide the curves of the
UAV ﬂying path and the OP in Fig. 5(a) and (b), respectively.
It can be found that the radius of the circular path and the ﬂuc-
tuation of the OP curve decrease with the increase of the max-
imal heading angle. This is because increasing dmax can give the
UAV more ﬂexibility in choosing its heading angle.
6. Conclusions
(1) We have proposed an optimal design for BF and UAV
path planning by obtaining the solution of the BF
weight vector and the UAV heading angle. Simulationresults have shown that the proposed approach can
obtain nearly optimal ﬂying path and OP performance
of the considered relay network.
(2) We have derived the closed-form expression of the OP,
which can accurately evaluate the performance of the
relay network conveniently.
(3) The simulation results have shown that while increasing
the antennas employed at the BS, the UAV ﬂying path
shifts to the AP and the OP performance of the relay
network is signiﬁcantly decreased.
(4) The results have also indicated that increasing the max-
imal heading angle of the UAV can reduce the radius of
the circular path and the ﬂuctuation of the OP
performance.
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